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A WIND-"?lEL 1ISVESTIGATIO;J OF THE DyT?AAr4IC STABILITY 

I N  TWJJSONIC FLOW* 

By Robert C. Robinson 

The dyna3llic c h a r a c t e r i s t i c s  of six a_xis>metr ic  hamrerhead lrodels have Bee2 

The t e s t s  covered a range of I.!ac:? nm5ers  fro:. 0.-0 t o  1.2G a5 3e:Yolds 
inves t iga t ed  a t  t ransonic  Ihch numbers by both forced- and f r e e - o s c i l l a t i o z  tec3-  
niques. 
numbers f r o x  2.4x106 t o  2.8X1O6 based on the reference diac-eter. 
a r e  presented f o r  a m a n  angle of a t t a c k  o f  Oo a d  f r e e - o s c i l l a t i o n  da ta  f o r  
angles of a t t a c k  of Oo, 2 O ,  and 4'. 
f r e e - o s c i l l a t i o n  t e s t s  are ava i l ab le  i n  a fillr supplexent. 
configurat ions with b o a t t a i l  angles  of 10" and 20° were dpa rz i ca l ly  u s t a b l e  a t  
some &ch numbers f o r  a xean angle of a t t a c k  of Oo. 

Darping Cata 

Sc'nlieren rnotion p i c t u r e s  of the f l o - ~  ciurizg 
It i i as  fo-md t'riat $he 

I n  order  t o  avoid excessive s t r u c t u r a l  ;.reiglit f o r  space vehicles ,  ho;;.ledge 
of the  loads t o  which they v i11  be subjected i s  of c r i t i c i l  ~r-porta:c:e t o  t 3 e  
designer.  One a rea  of unce r t a in ty  i s  t h e  aerodpar3.c loadi3g  ez,c=.rtered a t  

~ - - ~  d---*-i r. t r anson ic  h c h  numbers during laxrich. This i s  particillarlL7 tp Je  of '-a 
loads on haLmerhead confi,-urations, those x i th  payload packzges -..T:L::- - .  - 

_ _  -.LL 
a x  l a - g e -  

i n  diameter than upper s tage  rockets .  A research -rograrr -;ras u ~ d e r t a k m  a t  A'.-s r 
Research Center t o  inves t iga t e  these  dynaxic loads throngh rceasurer?ezts of f l u c -  
t u a t i n g  pressures  on r i g i d  models and t h e  daxping c h a r a c t e r i s t i c s  of d;:car5c 
models. 
l a r g e  pressure  f luc tua t ions  assoc ia ted  wi th  shock wave r o t i o n  and :r;tl?? flo?T seg- 
a r a t i o n  over converging sec t ions  of launch configurat ions.  
shown t h a t  t h e  s t r u c t u r a l  response t o  the  pressure f l u c t u a t i o n s  cx2- be g r e a t l y  
inf luenced by aerodynamic danqing der iva t ives .  
dynarjc damping i s  inves t iga t ed  f o r  s i x  harmerhead configurat ions il? order  t o  
show SOE of t he  e f f e c t s  of nose shape a n d b o a t t a i l  angle. 
ternis of aerodynaric daxping de r iva t ives  and root-Ean-square bending zor-ents 
obtained fro- fo rced -osc i l l a t ion  and f r e e - o s c i l l a t i o n  t e s t s ,  respec t ive ly .  

The data presented i n  r e f e r e x e s  1 ar,d 2 shox the  presence of regiozs  of 

I n  reference 3 ,  it i s  

I n  the  present  repor t ,  aero-  

Results a r e  given ir! 

I .btion p i c tu re  supplerent  111 has been prepared and i s  ava i l a3 le  or: loaz .  
A reques t  card and a descr ip t ion  of the f i l n  are included a t  the  back of t'ilis 
docw-ent . 

"Tit le ,  Unclassif ied 
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NOTATION 

* 
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p i t ch ing  moment Cm pitching-moment coe f f i c i en t ,  

d diameter of a f t  c y l i n d r i c a l  por t ion  of model, f t  

'2 PCC v CD 2Sd 

w d  k reduced frequency parameter, - 
9 

VaJ 
angular v e l o c i t y  due t o  p i tch ing ,  rad ians /sec  

TC d2 - , sq f t  
4 

S 

free - s t re a m  ve 1 o c it y , f t / s e c vaJ 
a mean angle of a t t a c k ,  deg 

a0 

Ci 

o s c i l l a t i o n  amplitude (one ha l f  of peak-to-peak v a l u e ) ,  deg 

Lime rate of change of angle of a t t ack ,  radians/sec 

mass dens i ty  of a i r  i n  the  free stream, slugs/cu f t  

angular frequency of o s c i l l a t i o n ,  rad ians  /se c 

PaJ 

w 

When Ci and q are used as subsc r ip t s ,  a dimensionless de r iva t ive  is  ind ica ted .  

APPARATUS AND INSTRUMENTATION 

Models 

S ix  axisymmetric models were used i n  these  tes ts .  The model numbers 7 ( b ) ,  
8(a) ,  l l ( b ) ,  22, 23, and 24 were assigned t o  t h e  s i x  models as p a r t  of the  over- 
a l l  Ames  Research Center t e s t  program numbering system. Figure l ( a )  i s  a ske tch  
of model 8(a) with t h e  l5O nose of model 24 shown by dashed l i n e s .  
22, and 23 d i f f e red  from each o ther  only i n  b o a t t a i l  angle  and l eng th  of t he  a f t  
c y l i n d r i c a l  s ec t ion  as shown i n  f igure l ( b ) .  
model 7 ( b )  . 

Models l l ( b ) ,  

Figure l ( c )  i s  a sketch of 

It w a s  necessary t o  keep the weight of t h e  models t o  a minimum i n  order  t o  
obta in  the  o s c i l l a t i o n  frequencies  des i r ed  f o r  t he  t e s t s ,  b u t  it w a s  a l s o  neces- 
s a ry  t o  have a high degree of model r i g i d i t y  t o  maintain one-degree-of-freedom 
motion. This was  accomplished by us ing  a sandwich type of construct ion i n  bui ld-  
ing  t h e  models. The inner  and outer  sk ins  were t h i n  g l a s s -c lo th  laminates 
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........................ 
separated by a half- inch l a y e r  of a foamed material having a dens i ty  of 2 pounds 

model t o  provide a means of attachment t o  the  balances.  
. p e r  cubic foo t .  A shor t  aluminum cyl inder  w a s  glued t o  t h e  inner  sk in  of each 

Wind Tunnel 

A l l  t h e  t e s t s  reported herein were  conducted i n  the  AES 14-Foot Transonic 
Wind Tunnel which has a perforated tes t  sect ion t h a t  permits t e s t i n g  a t  and near 
t he  speed of sound. The tunnel  i s  operated a t  a constant s tagnat ion pressure 
approximately equal t o  atmospheric pressure. 
the  tunnel  s tagnat ion  temperature between l i m i t s  of 600 and 180' F. The model 
support system cons is t s  of a s t i n g  mounted on a l a r g e  strut which spans the  
tunnel  downstream of the  tes t  sect ion.  For some of t h e  tests, i n  order t o  pt 
the  model frequency between s t i n g  na tu ra l  f requencies ,  a 2000 pound weight was 
suspended from t h e  s t i n g  by a s t r u t  t o  lower t h e  s t i n g  f i r s t  bending frequency t o  
approximately 3 cycles per  second. Figure 2 shows model 8 ( a )  mounted i n  the  wind 
t r m e l  . 

An a i r  exchanger i s  used t o  cont ro l  

Balances 

The balance f o r  the  forced-osc i l la t ion  tests w a s  a hydraul ic  servo 
o s c i l l a t o r  which drove the models i n  a one-degree-of-freedom p i t ch ing  motion. A 
drawing of t h e  balance i s  shown i n  figure 3, and figure 4 i s  a photograph of t h e  
balance. The axis of r o t a t i o n  i s  f ixed  by crossed flexures. Resonant frequency 
of t he  complete system i s  a func t ion  of the model moment of i n e r t i a  and the  t o t a l  
spr ing constant ,  which is  the  s u m  of t he  r e s to r ing  moments due t o  resonance 
spr ings and the  crossed f l exures  and t o  the aerodynamic r e s t o r i n g  moment. 

A block diagram of the  instmmentat ion i s  shown i n  figure 5 .  Two s t r a i n  
gages on the  resonance spr ings and t w o  on the  torque arm were used t o  measure 
coxponents of  the model pos i t i on  and of the dr iv ing  torque i n  phase with pos i t i on  
and ve loc i ty .  Power ampl i f ie rs ,  driven by a variable-frequency two-phase o s c i l -  
l a t o r ,  powered t h e  in-phase (with pos i t ion)  gages with a s ine  s i g n a l  and t h e  out- 
of-phase gages with a cosine s igna l .  The s ine  s i g n a l  was a l s o  used t o  dr ive  the  
servo amplifier after passing through a phase-shif t  network which could be 
ad jus ted  t o  compensate f o r  phase s h i f t s  i n  t h e  servo system and thus maintain the 
model motion i n  phase with t h e  s ine  s igna l .  The outputs of t he  in-phase and out- 
cf-phase gages (which are the  product of the powering s igna l s  and the  stress i n  
the  gages) contained s teady components proport ional  t o  t h e  peak magnitude of t h e  
model pos i t i on  or t he  dr iv ing  torque. 
by f i l t e r i n g ,  the  s teady components were converted t o  d i g i t a l  form and used i n  
computing C + C%. The p r inc ip l e  of multiplying t h e  powering s i g n a l  and the  

gage stress t c  obtain a steady output proport ional  t o  the  peak load  is  discussed 
i n  more d e t a i l  i n  reference 4. 

After time-varying components w e r e  removed 

Q 

For the  f r e e - o s c i l l a t i o n  t e s t s ,  the  models were mounted on a s h o r t  c a n t i l e -  
ver  spr ing  which f i x e d  the  axis of ro t a t ion  of t h e  model a t  t h e  same pos i t i on  as 
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f o r  t h e  fo rced -osc i l l a t ion  tes t s .  
p l a t e  i s  shown i n  figure 6. 
b ra t ed  t o  measure model angle of a t t a c k  and spr ing  r e s t o r i n g  moment. 
t ape  w a s  used t o  record  the  output  of the  gages which w a s  p ropor t iona l  t o  t h e  
bending moment a c t i n g  on the  model i n  the  p i t c h  plane,  and from those records the  
r o o t  mean squares of bending moment and of model o s c i l l a t i o n  amplitude w e r e  com- 
puted. 
mean-square values w a s  t h e  same as t h a t  descr ibed i n  re ference  1. 

A sketch of t he  sp r ing  and model mounting 
The sp r ing  w a s  instrumented wi th  s t r a i n  gages C a l i -  ' 

Magnetic 

The instrumentat ion used i n  recording t h e  da t a  and measuring the  root -  

TESTS AND PECISION 

Forced-Osci l la t ion Tests 

Models and tes t  condi t ions.-  Forced-osc i l la t ion  tests were made wi th  
models 7 ( b ) ,  8 ( a ) ,  l l ( b ) ,  23, and 24. 
of r o t a t i o n  loca ted  i n  t h e  base plane of t h e  model. 
t h e  s t i n g  was shrouded by a f a i r i n g  with t h e  same diameter as the  base of t h e  
model. 
vided an approximate s imulat ion of t he  motion of t h e  nose of a bending vehic le .  

The models were o s c i l l a t e d  about an axis 
A f t  of t he  axis of r o t a t i o n ,  

With t h i s  arrangement, t h e  one-degree-of-freedom motion of t h e  model pro- 

The models were o s c i l l a t e d  about zero angle  of a t t a c k  a t  peak amplitudes of 
1/4O and 1/2O a t  frequencies  of 7 t o  20 cycles  per  second. The corresponding 
range of reduced frequency parameter k w a s  from 0.03 t o  0.09. The Mach numDer 
range f o r  the t e s t s  w a s  from 0.70 t o  1.10 while Reynolds number, referenced t o  
base diameter, var ied  from 2.4 t o  2 .8  mi l l i on ,  depending on Mach number and wind- 
tunnel  s tagnat ion temperature. 

Prec is ion  and cor rec t ions . -  Dynamic c a l i b r a t i o n s  of t he  balance and assoc i -  
a t e d  e l e c t r o n i c  equipment have shown t h a t  s teady  damping moments can be measured 
wi th in  ?2 percent.  However, when models w e  dynamically s t a b l e  and aerodynamic 
damping moments are being measured a t  t ransonic  Mach numbers, t he  unce r t a in ty  i s  
be l ieved  t o  increase t o  about k5 percent .  
uns tab le ,  the damping measurements f luc tua ted  as much as +5O percent  and the  da ta  
presented for such condi t ions were computed from t h e  average of t h ree  readings 
taken near the middle value of t h e  damping f luc tua t ions .  

When the  models were dynamically 

The amplitude of o s c i l l a t i o n  w a s  measured with an accuracy of +0.02" and the  
frequency with an accuracy of kO.01 cycle  per  second. The free-stream Mach 
number w a s  accurate  t o  k0.002 and the  mean angle of a t t a c k  t o  k0.lo. 

Damping t a r e s  obtained from wind-off t e s t s  were used t o  co r rec t  the da t a  f o r  
s t r u c t u r a l  damping of t he  balance and f o r  s t i l l  a i r  damping. 
damping of the models w a s  negl ig ib le .  No cor rec t ions  w e r e  made f o r  tunnel-wall  
i n t e r f e rence  o r  air-stream angle.  

The s t r u c t u r a l  

4 



Free-Osci l la t ion Tests 

Models and t e s t  conditions.  - Models t e s t ed  i n  free o s c i l l a t i o n  were 7 ( b ) ,  
ll(b), 22, 23, and 24- The Mach number range of t he  tests was  from 0.70 t o  1.20 
and the  Reynolds number range was from 2.4 t o  2.8 mi l l ion ,  bu t  data could not  be 
taken a t  condi t ions where t h e  motion was divergent. 
angles of a t t a c k  of Oo, 2O, and 4'. 
tests, t h e  axis of r o t a t i o n  was i n  the  plane of t h e  model base. 
ing  i n  the model mode, computed from decay records,  va r i ed  from about 1 /2  of 
1 p r c e n t  t o  3 percent  of c r i t i c a l .  The s t i n g  modes a l s o  w e r e  va r i ab le  because 
of changes i n  the restraint between tests. Peak amplitudes va r i ed  f r o m  less than 
0.1' t o  about 10, depending on bu f fe t ing  l e v e l  and aerodynamic damping. The 
wind-off resonant  f requencies  of the  models were between 20 and 24 cycles  per  
second. 
f r e e - o s c i l l a t i o n  tests and are presented in  a f i l m  supplement. 

T e s t s  w e r e  made a t  nominal 
A s  i n  the case of t h e  forced-osc i l la t ion  

Structural .  damp- 

Schl ie ren  motion p i c tu re s  a t  64 frames per second were taken during t h e  

Prec is ion . -  I n  t h e  f r e e - o s c i l l a t i o n  t e s t s ,  t he  Mach number was s e t  t o  within 
kO.01. The nominal angle of a t t a c k  could be s e t  wi th in  t0.1' b u t  static def lec-  
t i on ,  due t o  l i f t  loads,  caused the  t r u e  man angle of a t t a c k  t o  be l a r g e r  than 
the nominal 2' or k0 by 5 t o  20 percent ,  depending on the model and the  &ch 
number. 

The e f f e c t  of s t a t i c  loads was  eliminated from the root-mean-square bending 
moment by a high pass f i l t e r  i n  the  tape record c i r c u i t  and a band pass f i l t e r  
i n  the root-mean-square recording c i r c u i t .  The filter c h a r a c t e r i s t i c s  are shown 
i n  re ference  2. The r m s  data presented are t h e  average of 20 d i g i t a l  readings 
d i s t r i b u t e d  over t he  dura t ion  of t h e  1-minute record taken for each data point .  

RESULTS AID DISCUSSION 

Forced-Oscillation Tests 

The results of t h e  forced-osc i l la t ion  tests of models 7 ( b ) ,  8(a),  ll(b), 23, 
and 24 are presented i n  figure 7 i n  which t h e  dam-ping-in-pitch c o e f f i c i e n t  

0'. When aerodynamic damping is  des tab i l iz ing ,  C + (2% is  pos i t i ve .  Fig- 

ure 7(a) shows t h a t  model 8(a) was dynamically uns tab le  over a Mach nuniber range 
from about 0.80 t o  near ly l .OO with the  maximum C + C of 130 occurr ing a t  

Crib + C 0.90 < M < 0.93. The v a r i a t i o n  of 

t h e  e f f e c t  of amplitude w a s  small. 

i s  p l o t t e d  as a func t ion  of Mach number f o r  a man angle of a t t a c k  of cm, + c% 
ms 

" s s  
with Mach number w a s  smooth and 

% 

Changing t h e  nose angle from 30° t o  15' r e s u l t e d  i n  a very d i f f e r e n t  va r i a -  
t i o n  of C + Cw with Mach number as may be seen i n  figure 7 (b )  . A t  

0.90 < M < 0.93, where model 8(a) (30° nose) w a s  most unstable ,  model 24 ( l 5 O  
nose) was s l i g h t l y  s t a b l e  with regions of i n s t a b i l i t y  a t  higher and lower Mach 

ms 

numbers. The lower uns tab le  region i s  broad with a C + C of approximately m s %  
5 
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50 a t  
f i c i e n t  reaching 550 f o r  a. = 1/4O a t  M = 0.95. The dashed f a i r i n g  where 
forced-osc i l la t ion  da ta  were not  taken i s  based on observat ions of t he  model 
behavior 'during the  f r e e - o s c i l l a t i o n  tes t s .  

M z 0.80,  while the  upper region i s  narrow with the  damping-in-pitch coef- 

A fu r the r  change i n  nose shape, t o  t h a t  of model 23 with t h e  100 b o a t t a i l  
somewhat c loser  t o  the  p ivot  po in t ,  r e s u l t e d  i n  a small s t a b l e  s h i f t  of t he  
e n t i r e  C + C% curve. This i s  shown i n  f i g u r e  7 ( c ) .  Considering the  l i m i t a -  
t i o n s  of accuracy f o r  damping readings,  model 23 w a s  e s s e n t i a l l y  n e u t r a l  i n  s ta-  
b i l i t y  a t  
w a s  s t i l l  present but  reduced i n  i n t e n s i t y  by about 50 percent  compared t o  
model 24. 

ms 
M = 0.70 and 0.80. The narrow region of i n s t a b j l i t y  near  M = 0.95 

Damping data f o r  model l l ( b )  presented i n  f i g u r e  7 ( d )  show t h a t  the  3 4 O  
b o a t t a i l  angle r e s u l t e d  i n  a dynamically s t a b l e  conf igura t ion  f o r  t h e  Mach num- 
be r s  and amplitudes covered i n  these  tes ts .  It should be noted t h a t  un l ike  the  
preceding three models, model l l ( b )  w a s  measurably l e s s  s t a b l e  a t  an amplitude 
of 1/2O than a t  1/4O. 

Tests of model 8(a) provided an add i t iona l  i nd ica t ion  of t he  e f f e c t  of boat-  
t a i l  angle  on the  dynamic s t a b i l i t y  of hammerhead configurat ions.  A s  may be 
observed i n  f igu re  7 ( e ) ,  model 8 ( a ) ,  with i t s  6-1/20 b o a t t a i l ,  w a s  s t a b l e  f o r  an 
amplitude of 1/2O and, while t he  s t a b i l i t y  decreased f o r  t he  1 / 4 O  amplitude,  the  
model d id  not become s i g n i f i c a n t l y  uns tab le  f o r  t h e  t e s t  condi t ions.  

Free-Osci l la t ion  Tests 

Results from the  f r e e - o s c i l l a t i o n  tes ts  a r e  presented t o  show t h e  e f f e c t  of 
angle  of a t t a c k  on the  dynamic s t a b i l i t y  of hammerhead Configurations.  Quanti- 
t a t i v e  comparisons of rms between models cannot be made without t ak ing  s t r u c t u r a l  
damping and s t i n g  mode e f f e c t s  i n t o  account, bu t  t h e  e f f e c t  of angle of a t t a c k  on 
t h e  separa te  models can be determined. Typical time h i s t o r i e s  of model dynamic 
response are shown i n  f i g u r e  8, and i n  f i g u r e  9 the  roo t  mean square of bending 
moment i n  the model support sp r ing  i s  p l o t t e d  aga ins t  Mach number f o r  models 24, 
l l ( b ) ,  22, 23, and 7 ( b ) .  

When the models were t e s t e d  on the  f r e e - o s c i l l a t i o n  apparatus ,  t he  response 
of the  model-spring systems va r i ed  from a random-pulse type t o  divergence depend- 
ing  on the  combined aerodynamic and mechanical damping. The random-pulse type of 
response shown i n  f i g u r e  8(a) w a s  observed under condi t ions of high n e t  damping. 
Under conditions o f  low n e t  damping, t he  models responded i n  random b u r s t s  of 
divergent-convergent o s c i l l a t i o n s  a t  the  resonant  frequency of t he  model-spring 
system as shown i n  figure 8 ( b ) .  The record of an o s c i l l a t i o n  a t  nea r ly  constant  
amplitude presented i n  f igure 8 ( c )  w a s  obtained from model 24 (15' nose with 10' 
b o a t t a i l )  a t  M = 0.80 and a = Oo where the  measured value of Cm + C% w a s  
approximately 50 f o r  an amplitude of 1/2O, which should result i n  divergent  
o s c i l l a t i o n  f o r  the  system. The l i m i t  amplitude of approximately 0.8~ w a s  prob- 
ab ly  due t o  a decrease i n  Cm + (2% with increas ing  amplitude. A time h i s t o r y  

9 

9 

6 

L 



0 0  0 0 0  
0 zo b & y & O  0 0.0 
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0* 0 0  0 0 0 0 0 0 0.0 0 0 -  i n  a reg ion  of divergene%., 8&n i n  ? i g i e  B(bf, w a s  obtallled E;- decreasing Xach 

*rmmber rapidly from M = 1-00 with model 23 a t  zero  a:?gie of a t t ack .  iv%e:: the  
f low Ikch  number reached t h e  narrow unstable  range a t  
o s c i l l a t i o n  begap t o  develop but w a s  d a q e d  qEicklj7 as the  ;:ack zur:Jzer e o p z e 5  
below t h e  c r i t i c a l  value. 

X = 0.95, a dlirergent 

F ree -osc i l l a t ion  da ta  presented f o r  ncr ie l  24 i n  f i g u r e  9 (a )  S ~ G W  t h a t ,  v h t l e  
t h e  response of the model a t  
damping shown i n  figure 7 (b ) ,  t he  i n s t a b i l i < y  a t  Mach nuzbers of 0.80 a:i5 0.35 
f o r  a = 0' 
of 
l o w  value of 100 in-lb a t  M = 0.70 t o  2. maximurn of about 1000 in - lb  a t  
M = 0.90 and then down t o  125 in- lb  a t  M = 1.00. D a t a  po in t s  f o r  a = Oo f a l l  
on t h e  same curve except a t  Xtch nuxbers of 0.80 a:;d 0.35 where Reasurea ae rc -  
d y n a d c  damping was of opposi te  s ign  azd g rea t e r  -agritude tha:: t2e s t ruc%-ra i  
damping. M = 0.80 and a = Oo ( p a r t  of t h i s  record i s  shom ir f i g .  8 ( c ) ) ,  
an rms of 1400 in - lb  w a s  neasured but it was no t  p c s s i j l e  t o  a2 ta ln  fiat2 a t  
M = 0.95 and a = 0' 
allowable a e f l e c t i o n  of t h e  support  sprLng. 

a = 0" corresponded t o  the  rieasxred vzl-Aes c~f' 

did not  appear a t  angles  of a t t a c k  of 2' and 4". With t h e  excepticr: 
a = Oo, the r m s  bending moment i n  the  model support ing spr ing  v a r i e s  fr0.r; a 

A t  

as t h e  response of t h e  Qodel w o d d  have exceeaed the  

The data i n  figwe ? (a )  ind ica t e  t h a t  yodel 24 i s  ilrsta'2le -2;- e t  yea2 
angles  of a t t a c k  a t  o r  near  0'. 
occurred, angle  of a t t a c k  had l i t t l e  e f f e c t  3n t h e  response of t h l s  rioCiel. 

Except f o r  t h e  Xach mmbers where i n s t a j i l l t y  

The motion of model 23 w a s  a l s o  divergent a t  a = 0" aad I.: = 0.25, as iroiild 
The dyr_arrLc respoiise da t a  i.1 f i g -  be expected from t h e  damping measurements. 

ure 9(b) show t h a t ,  as f o r  t h e  conical-nosed models, t'ne clj732mic instaLi1it ;-  
occurred only f o r  mean angles  of a t t a c k  a t  o r  near  Oc. 

Dynamic response data f o r  xodels 22, ~ ( b ) ,  azii ~ ( c )  z r e  rrese::';e6 ?or :kc!: 
numbers up t o  1.00 i n  figures 9 ( c ) ,  yta), arid g ( e ) ,  respectl-V-eiL-. T!;e -;zr:~t?o-: 
cf the  r e s p a m e  of these  .n;odels with iiIach z n b e r  w a s  s-all c 3  s a r e s  !,u t?E% 25- 
t h e  nodels having loo b o a t t a i l s .  

- /  7 

Addit ional  f r e e - o s c i l l a t i o n  tes t s  were :race of xo6el 22 (?Go 'c3afi~-'7 2% 
Mach numbers up t 3  1.20 because it ;ras c o x i d e r e d  poss ib le  t h e t  L::c:-eesLng the  
b o a t t a i l  angle  would cause dynamic k s t a b i i t t y  t o  occur a t  hlgher  I.lech m:::se;-s. 
It w a s  found that t h i s  nodel die &evelop a divergent o s c i i l a t i o r  a t  1.1 = 1.20. 
Although a t ize h i s t o r y  from the  s t r a i n  gage w a s  no t  recorded, ciotioii pictlx-es e t  
64 frames per second w e r e  obtained of a sustained o s c i l l a t l J n  -dhich developed a t  
t h i s  Mach nutYDer. 
aga ins t  t i m e  i n  figure 10. 
waves by t h e  method of re ference  5. 
i n d i  ca t e  s t h a t  ae r odynami c danp i ng w a s  d e  s tab  il i z i ng  . 

Model de f l ec t ions  were Keasured from t h e  f i l n ? .  a d  p l o t t e d  

The diirergent o s c i l l a t i o n  O:I t h e  Yigdre 
The po in t s  w e r e  then  f i t t e d  with exponent ia l  s i n e  

, 



0 .  0.. . 
0 .  0 .  
0 .  ... * .  0 .  

0 .  0.. . 
Free- and forced-osc i l  . a t i on  t e s t s  of s i x  hammerhead conf igura t ions  s h  W 

t h a t  such configurat ions can l e a d  t o  dynamic i n s t a b i l i t y  a t  t r anson ic  Phch num- 
bers .  
i n s t a b i l i t y  occurred only a t  angles  of a t t a c k  near  zero. 

The dynamic response of t h e  f r e e - o s c i l l a t i o n  models i nd ica t ed  that  t h e  

Within t h e  limits of these  tes t s ,  with the  center  of r o t a t i o n  a t  t h e  base of 
t he  model, it appears t h a t  b o a t t a i l  angle has more inf luence on dynamic s t a b i l i t y  
than does nose shape. Three models with 10' b o a t t a i l s  w e r e  uns tab le  subsonica l ly  
and one with a 20' b o a t t a i l  was uns tab le  a t  
f o r  a model with a 34' b o a t t a i l  while one wi th  a 6-1/2O b o a t t a i l  w a s  marginal ly  
s t a b l e  f o r  some t e s t  condi t ions.  

M = 1.20. No i n s t a b i l i t y  w a s  found 
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(a) Models 8(a) and 24. 

1 L I I  20" boat-tail (model 22) 
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(b) Models ll(b), 22, and 23. 
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Note: All dimensions in inches. 

( c )  Model 7(b) .  

Figure 1. - Sketches of models. 
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(a) Model 8(a) (30' nose). 
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(b) Model 24 (15' nose). 

Figure 7.- The variation of the damping-in-pitch parameter with Mach number for a 
mean angle of attack of Oo, from forced-oscillation tests. 
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Figure 7 .  - Concluded. 
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(a) Model 24 (15' nose, 10' boattail). 

Figure 9.- Variation with Mach number of the root mean square of bending moment 
in the model support spring, from free-oscillation tests. 
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Figure 9.- Continued. 
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Figure 9.- Concluded. 
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